Anorexia, nausea, vomiting, and diarrhoea are common gastrointestinal complaints associated with the uraemic state. The cause of these symptoms in the azotaemic patient remains obscure. It is generally accepted that toxic materials capable of producing the uraemic syndrome are produced in the gastrointestinal tract, probably as a result of bacterial metabolism of substrates not excreted by these patients. Eirheber and Carter (1966) have demonstrated that germ-free rats rendered uraemic by bilateral nephrectomy significantly outlived uraemic animals with conventional flora. Furthermore, Jaffe and Laing (1934) have correlated gastrointestinal lesions in uraemic patients with areas of bacterial proliferation.
Bile acids represent one of the most important substrates for bacterial metabolism within the gut lumen. Abnormalities of luminal bile acids have been implicated in gastrointestinal symptoms of man, such as diarrhoea, malabsorption and upper gastrointestinal dysfunction. Of note, Drueke et al. (1972) have demonstrated that bile acids affect jejunal function in the uraemic rat, possibly secondary to membrane changes. In one patient (J.J.) the tube was then allowed to pass down the small intestine to the mid-ileum where aspiration of intestinal material was repeated. Position in the mid-ileum was confirmed by radiography with installation of radio-opaque contrast medium. Random stools were collected from two azotaemic patients (J.J. and C.S.) and compared with that of a r ormal subject.
pH of intestinal samples and faecal homogenates was recorded by glass electrode immediately after collection.
The anaerobic and aerobic microflora of intestinal and faecal samples were assessed quantitatively. This study will be reported separately.
BILE ACID ANALYTICAL TECHNIQUES
Total bile acid distribution Intestinal fluid for bile acid assay was prepared according to techniques previously reported (Haeffner et al., 1976a) . The methyl ester-trifluoroacetate derivatives were subjected to gas liquid chromatographic analysis on glass columns (4 mm i.d. x 12 m) packed with 2 % QF-1 on 100/200 Gas Chrom Q (Applied Science Laboratories, State College, Pa.) using hydrogen flame ionization detector.
Faecal samples were prepared for chromatography by the method of Grundy et al. (1965) and the methyl ester-trifluoroacetate derivatives were chromatographed under the same conditions as described for intestinal samples. Faecal unconjugated bile acids were determined by the same method, with the exclusion of alkaline hydrolysis of samp!es before gas liquid chromatography.
Total bile acid concentration Quantitative measurements of total bile acid concentration of intestinal samples were carried out using the 3-hydroxysteroid dehydrogenase enzyme assay of Iwata and Yamasaki (1964) .
Conjugated bile acid distribution Intestinal fluid was prepared for thin layer chromatography as reported elsewhere (Haeffner et al., 1976b) . Taurine conjugates and glycine conjugates were separated using the SII solvent system described by Hofmann (1962) , and were detected by iodine vapour. The glycine conjugates and taurine conjugates were assessed by the 3-hydroxysteroid dehydrogenase enzyme assay.
IDENTIFICATION
Bile acid peaks were identified on gas liquid chromatography by simultaneous injection of standard bile acids, including deoxycholic acid, cholic acid, lithocholic acid, ursodeoxycholic acid, 3-hydroxy-7-keto-cholanic acid, and 3,12-dihydroxy-7-ketocholanic acid. Where standards were not available (3cx,7P,12ax-trihydroxy-cholanic acid, 3P,12a-dihydroxy-cholanic acid), a tentative identification was based on comparison of the relative retention times of the peak with the relative retention times of the standards recorded in the literature by Sjovall (1962) . Thin layer chromatography was used to confirm the presence of unusual bile acids by simultaneous chromatography of appropriate standard bile acids. Ursodeoxycholic acid and lithocholic acid were identified on the SIL system, while 3-hydroxy-7-keto-cholanic acid and 3,12-dihydroxy-7-keto-cholanic acid were identified on the isooctane:ethyl acetate:glacial acetic acid (5:5:1) system described by Bruusgaard (1970) . Compounds were detected by iodine vapour and 2,4-dinitrophenylhydrazine.
Results

TOTAL BILE ACID DISTRIBUTION
The total bile acid distribution in the proximal small intestine after the test meal in normal subjects and all azotaemic patients is shown in Table 2 . Azotaemic patients had a significant decrease in the percent deoxycholic acid, 12-0% ± 9-2, when compared with normal subjects, 28-0% ± 11-2 (p < 0-005). There was no correlation between the level of the deoxycholic acid and the degree of azotaemia. In contrast, there was no significant difference between patients with azotaemia and normal subjects with respect to chenodeoxycholic acid and cholic acid.
Lithocholic acid was found in aspirates of all azotaemic patients with a mean of 3-0% ± 0-8. cholic acid appeared to be lower in patients on chronic haemodialysis; the mean for the five nondialysed patients being 10-4% and the mean of patients on haemodialysis being 3-3%. Ursodeoxycholic acid represented less than 1% of total bile acids in all normal subjects. Keto bile acids, oxidized at the seven position, were identified in all of the azotaemic patients but were not noted in any of the normal subjects. 3,12-dihydroxy-7-keto-cholanic acid was found in all the azotaemic patients with chromatograms suitable for analysis, while 3-hydroxy-7-keto-cholanic acid was found in all but one of these patients.
FAECAL BILE ACIDS
The faecal total bile acid distribution in a normal subject is shown in Fig. 2a . There was a predominance of the secondary bile acids, lithocholic acid (31 %) and deoxycholic acid (29 ), and a bile acid metabolite, 3fl,12o-dihydroxy-cholanic acid (12%). The primary bile acids, chenodeoxycholic acid (4%) and cholic acid, were found in only small amounts. Ursodeoxycholic acid was also present (3%). The remainder (21 %) of bile acid composition consisted of numerous bile acid metabolites with retention times different from the compounds studied. Un-
The mean total bile acid concentration in the proximal small intestine of normal subjects 30 minutes post-prandially was 3-3 ,uM/ml with a range of 0 4 to 10-2. In the azotaemic population the mean bile acid concentration was 3-8 ,uM/ml with a range of 04 to 12-9.
CONJUGATED BILE ACID DISTRIBUTION
The glycine/taurine conjugated bile acid ratio of proximal small intestinal contents of six azotaemic patients is reported in Fig. 1 . Normal subjects had a mean glycine/taurine ratio of 3-1 with a range of 2-0 to 4-3, while azotaemic patients showed considerable scatter with a range of glycine/taurine ratios from 0-6 to 7-4 and a mean of 3-8. conjugated bile acids represented greater than 95% of total faecal bile acids in this subject. The total faecal bile acid pattern in an azotaemic patient (C.S.) with normal intestinal deoxycholic acid is shown in Fig. 2b . The chromatogram from this patient is similar to the normal faecal bile acid distribution, and, like the normal, unconjugated bile acids represented greater than 95 % of the total faecal bile acids.
In contrast, the total faecal bile acid distribution in one azotaemic patient with low intestinal deoxycholic acid (J.J. -1-6%) is shown in Fig. 3a . The bile acid distribution in this patient was entirely different from the normal. The secondary bile acids, lithocholic acid (1 %) and deoxycholic acid (1 %), were present in very low concentrations, while the primary bile acids, chenodeoxycholic acid (22%) and cholic acid (51 %), were the predominant bile acids. In addition, ursodeoxycholic acid, 3cx,7f,12cx-trihydroxycholanic acid, 3-hydroxy-7-keto-cholanic acid, and 3,12-dihydroxy-7-keto-cholanic acid were present in measurable amounts. Patient J.J., with predominantly primary faecal bile acids, demonstrated only 25% of faecal bile acids in unconjugated form. Chromatograms of the total faecal bile acids (a) and unconjugated faecal bile acids (b) in identical injections of the same sample of this patient are shown in Fig. 3 . Lithocholic acid (84%) and deoxycholic acid (69%) were present predominantly in the unconjugated state. Significant amounts of chenodeoxycholic acid (67 %) and its oxidative metabolites, ursodeoxycholic acid (35 %) and 3-hydroxy-7-keto-cholanic acid (67 %) were found to be unconjugated. In contrast, cholic acid was only 8 % unconjugated. Oxidative metabolites of cholic acid, 3x,73,12x-trihydroxy-cholanic acid and 3,12-dihydroxy-7-keto-cholanic acid were essentially entirely in conjugated form.
The bile acid data at all levels of the gastrointestiial tract in patient J.J. are summarized in Table 3 . Faecal secondary bile acids, lithocholic acid and deoxycholic acid, were very low, paralleling those in the intestinal lumen. Chenodeoxycholic acid showed a progressive decrease along the gastrointestinal tract, while cholic acid remained high, suggesting that more chenodeoxycholic acid than cholic acid was metabolized and/or absorbed. pH The pH of the small intestinal aspirates of normal subjects was: mean 6 1, range 2-6-7-6, while, in azotaemic patients, the proximal intestinal pH was: mean 5 7, range 2 5-7 8.
Faecal pH in five normal subjects ranged from 5-5 to 7, while faecal pH in five azotaemic patients ranged from 6 to 8.
Discussion
In this study, the most significant alteration in the intestinal bile acid pattern in azotaemic patients was a low deoxycholic acid. A number of possible mechanisms have been suggested to explain the finding of low deoxycholic acid in duodenal aspirates of patients suffering from a variety of diseases Table 3 Bile acid distribution at different levels of gastrointestinal tract in an azotaemic patient (J.J.)
proposed, it is appropriate to examine each of these theoretical possibilities to determine their applicability to the low deoxycholic acid noted in azotaemic patients. Low deoxycholic acid has been described in patients with liver disease (Vlahcevic et al., 1971) , but the routine liver function tests in all but two patients (L.M. and V.C., histological diagnoses- Table 1 ) were normal at the time of testing. The deoxycholic acid level remains significantly low even with exclusion of these two patients from statistical analysis.
Resection of the terminal ileum has been shown to be associatedwith low deoxycholic acid (McLeod and Wiggins, 1968; Mallory et al., 1973) but none of the patients studied had undergone bowel resection. The azotaemic patients studied did not show the high glycine/taurine ratios described in patients with terminal ileopathy or resection (McLeod and Wiggins, 1968; Bruusgaard and Thaysen, 1970; Mallory et al., 1973) and the glycine/taurine ratios in azotaemic patients did not correlate with the level of deoxycholic acid.
Since deoxycholic acid is a product of bacterial 7ot-dehydroxylation of cholic acid, appropriate microorganisms capable of performing this reaction must be present within the gastrointestinal tract. The azotaemic patients had an increased anaerobic population of the proximal small intestine (mean 8-6 x 106, range 105 to 107), and the predominant organisms were Bacteroides and Lactobacillus (Miller et al., 1974; Simenhoff, 1975) , which are characteristically capable of enzymatic 7a-dehydroxylation (Hill and Drasar, 1968; Midtvedt and Norman, 1968; Aries and Hill, 1970) . Faecal anaerobes were also present in a range 108 to 1010. For this reason, an insufficient bacterial population does not appear to be the cause of low deoxycholic acid.
Bacterial 7ax-dehydroxylation is pH dependent with a pH optimum for this reaction for different groups of microorganisms variously reported from 6-8 (Hill and Drasar, 1968; Aries and Hill, 1970) .
Deoxycholic acid is predominantly formed in the colon and faecal pH in azotaemic patients was noted to be 6-8.
Anorexia or gallbladder dysfunction secondary to uraemic neuropathy could result in a decreased number of enterohepatic circulations yielding decreased production of deoxycholic acid. All azotaemic patients had a duodenal bile acid concentration within the normal range, 30 minutes post-prandially, suggesting adequate gallbladder emptying. Six patients had motor nerve conduction studies which were within normal limits (Table 1) . Only two of the azotaemic patients had clinically significant anorexia.
Deoxycholic acid may be normally formed in the azotaemic colon but its absorption may be impaired. Defective absorption of bile acids in uraemia has not been excluded in this study and may be contributing to the low deoxycholic acid seen in this population. In patient, J.J., there was impaired synthesis of deoxycholic acid (Fig. 3) , so that an absorptive defect cannot be universally responsible for the low deoxycholic acid seen in azotaemic patients.
Impaired synthesis of deoxycholic acid secondary to inhibition of 7ox-dehydroxylase has been demonstrated in vitro in the presence of excess substrate (cholic acid) concentration (Aries et al., 1969) . The concentration of cholic acid in azotaemic patients was not measured at the level of the colon. However, in the proximal small intestine, abundant anaerobic microflora were found and the concentration of cholic acid at this level was below the inhibitory concentration described by Mitchell et al. (1974) . The azotaemic state itself may result in inhibition of bacterial enzymes including 7o-dehydroxylase, secondary to retention of toxic materials in the gut lumen. Urea and guanidines have been demonstrated to act as competitive inhibitors of multiple enzyme systems, especially those which act on organic substrates (Rajagopalan et al., 1961) and luminal urea elevation in uraemic dogs has been noted to parallel that of the serum (Lee, 1971) . Although luminal deoxycholic acid concentration is significantly lower in azotaemic patients than in normal subjects, luminal lithocholic acid, formed by 7a-dehydroxylation of chenodeoxycholic acid, is present in all azotaemic patients. The stool of one azotaemic patient (J.J.), however, contained only very low concentrations of lithocholic acid. Low lithocholic acid in the stool of this patient in the presence of a significant amount of free chenodeoxycholic acid (Fig. 3b) suggests that there is some inhibition of bacterial 7ac-dehydroxylation.
Bacterial enzyme systems other than the 7a-dehydroxylases may also be inhibited in the presence of the azotaemic luminal milieu. Although Hepner and his colleagues (1972) have demonstrated that some dehydroxylation of conjugated bile acids may occur, the major substrate for dehydroxylation is unconjugated primary bile acids. If inhibition of bacterial hydrolases occurs in azotaemia, there will be insufficient substrate for dehydroxylation. Although the data available from this study are restricted to observations in one patient, there is some evidence that inhibition of bacterial bile acid hydrolases is occurring in this azotaemic patient with low deoxycholic acid. Normal faecal bile acid pattern (Fig. 2a) consists predominantly of free secondary bile acids, lithocholic acid and deoxycholic acid, and a bile acid metabolite, 3fl,12ac-dihydroxy-cholanic acid with little or no primary bile acids (Ali et al., 1966) . Faecal bile acid analysis of J.J. (Fig. 3) , reveals predominantly primary bile acids: 51 % cholic acid, 22% chenodeoxycholic acid, with only 1 % of each of lithocholic acid and deoxycholic acid. While normal subjects have all but a small amount of faecal bile acids in the unconjugated state (Norman, 1964) , the faecal unconjugated bile acids in this patient constitute only 25% of the total bile acid composition. The small amount of lithocholic acid and deoxycholic acid present are predominantly in the unconjugated state. Chenodeoxycholic acid and its oxidative metabolites (ursodeoxycholic acid and 3-hydroxy-7-keto-cholanic acid) are in significant degree unconjugated, while cholic acid and its oxidative metabolites (3ac,7P,12oa-trihydroxy-cholanic acid and 3,12-dihydroxy-7-keto-cholanic acid) are essentially all in conjugated form. These data suggest that in this patient there is impairment of the conjugated cholic acid hydrolase reaction, with lesser impairment of the conjugated chenodeoxycholic acid hydrolase reaction and at least some impairment of the 7ax-dehydroxylation of chenodeoxycholic acid. This phenomenon could account for the presence of very low deoxycholic acid in this patient. The proximal to distal bile acid pattern in this patient ( Table 3) also confirms that there is more metabolism and/ or absorption of chenodeoxycholic acid than cholic acid.
If the mechanism postulated to account for the low deoxycholic acid in this patient be generally applicable to azotaemic patients, enzyme inhibition interfering with the production of free deoxycholic acid might be a contributing factor to the small intestinal overgrowth of bacteria observed in these patients. Floch et al. (1971 Floch et al. ( , 1972 have demonstrated that free bile acids, especially free deoxycholic acid, inhibit bacterial growth in an in vitro system. Gorbach et al. (1967) have shown that the distal ileum is populated by bacterial flora from the colon, and Northfield and McColl (1973) have demonstrated a high concentration of free bile acids in the distal ileum. It seems likely that the presence of free bile acids at this level serves as a bacteriostatic mechanism to reduce the contamination of the small intestine by faecal flora. In azotaemics, therefore, the decrease in free bile acids, especially deoxycholic acid, might represent one factor allowing faecal bacterial contamination of the small intestine. In fact, the intestinal flora found in azotaemics is colonic in type (Miller et al., 1974) .
Although the low deoxycholic acid described in azotaemic patients is a significant finding, the presence of low deoxycholic acid alone does not correlate with gastrointestinal symptoms in uraemic man. In addition to the low deoxycholic acid, there is a rather stiiking occurrence of unusual bile acids in intestinal aspirates of these patients. These bile acids represent the products of bacterial oxidation of the 7-hydroxyl of chenodeoxycholic acid and cholic acid to form keto bile acids (3-hydroxy-7-keto-cholanic acid and 3,12-dihydroxy-7-ketocholanic acid). These keto bile acids may be reduced to compounds with the 7-hydroxyl group in the 9 position (ursodeoxycholic acid and 3cx,7fl,12ox-trihydroxy-cholanic acid) as shown in Fig. 4 . The two keto analogues were found in intestinal aspirates of all uraemic patients with chromatograms suitable for analysis (J.B. had only 3,12-dihydroxy-7-ketocholanic acid) and ursodeoxycholic acid was present in measurable concentration in all patients. 3cx,7f,12a-trihydroxy-cholanic acid was tentatively identified in the stool of J.J. (Fig. 3) .
In various bacterial species, in vitro studies of the bile acid 7-hydrogenase (oxidizing) enzyme system have shown several characteristics different from the dehydroxylating reaction. The enzymes are found in many aerobic organisms of the enteric type, the reaction can take place in cell-free systems, the pH optimum is higher (8-8 to 102) and, although kinetics favour the deconjugated bile acid substrate, oxidation can occur using the conjugated bile acid as a substrate (Aries and Hill, 1970 These symptoms parallel those in a patient with immunoglobulin deficiency syndrome described by Gleich and Hofmann (1971) . This patient had diarrhoea with excess sodium and water in the stool associated with increased lithocholic acid and ursodeoxycholic acid associated with low deoxycholic acid (7 ). There was an apparent association of the abnormal bile acid pattern with diarrhoea since this patient responded to cholestyramine therapy. The similar bile acid pattern described in azotaemic patients with diarrhoea suggests that these bile acids may play a role in the bowel dysfunction described in uraemic man. The exact nature of this role is uncertain; however, keto bile acids have been shown to affect membrane ATPases in rat intestinal mucosa (Hepner and Hofmann, 1973) tUrsodeoxycholic acid.
$Diarrhoea presumed secondary to increased faecal dihydroxy bile acid loss occurring post-vagotomv.
liver canalicular plasma membranes (Nemchausky et al., 1975) and to interact with bile acids at the membrane level, which may result in an altered intestinal secretory pattern. Cholestyramine was not given to any uraemic patient in this series. The role of bacterial overgrowth was not assessed in the patient described by Gleich and Hofmann (1971) . The interrelationship between bacterial overgrowth and this abnormal bile acid pattern remains to be elucidated. Ursodeoxycholic acid is lower in those patients on chronic dialysis than in those patients who have never undergone haemodialysis. While no patient was studied before and after haemodialysis for the level of ursodeoxycholic acid, several patients noted improvement in diarrhoeal symptoms associated with chronic haemodialysis.
In summary, it appears from this series of patients that an abnormal bile acid pattern characterized by low deoxycholic acid and increased ursodeoxycholic acid and keto bile acids is characteristic of azotaemic patients with diarrhoea, and may contribute to the pathogenesis of this diarrhoea. 
